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HIGHLIGHTS 


►  An  active  DMFC  fed  with  a  neat  methanol  was  firstly  fabricated  and  successfully  operated. 

►  The  neat  methanol  use  was  enabled  by  the  electrode  structure  with  a  porous  carbon  plate. 

►  A  similar  performance  compared  with  that  of  the  conventional  DMFC  with  a  very  low  air-flow  rate. 

►  It  showed  62  mW  cm-2  power  density  and  0.28  overall  efficiency  at  65  °C. 
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Based  on  our  previous  fundamental  studies  on  the  mass  transport  and  electrode  performance  of 
a  passive  direct  methanol  fuel  cell  (DMFC)  with  a  novel  electrode  structure  using  a  porous  carbon  plate 
(PCP),  a  single  cell  of  an  active  DMFC  with  this  structure  and  having  the  extended  active  area  of  30  cm2 
was  designed  and  fabricated.  The  power  generation  characteristics  of  the  active  DMFC  using  neat 
methanol  (99.8  wt%),  including  the  power  density,  the  rate  of  methanol  crossover  and  the  overall  energy 
conversion  efficiency  of  the  single  cell,  were  investigated  at  different  operating  conditions.  The  highest 
power  density  was  obtained  with  100%  methanol  in  the  different  methanol  concentration  range  of  70 
-100  wt%  suggesting  that  the  electrode  structure  with  PCP  was  set  for  the  100%  methanol  use  under 
the  active  conditions.  The  maximum  power  density  of  62  mW  cm  2  with  an  overall  efficiency  of  0.28 
was  obtained  at  65  °C.  The  performance  was  comparable  or  relatively  higher  than  those  of  the  other 
DMFCs  using  diluted  methanol  solutions  ranging  from  3  to  10  wt%.  The  performance  was  established 
in  humid  air  around  saturation  at  the  small  feed  rate  less  than  one-fourth  that  used  for  the  DMFCs 
with  the  diluted  methanol  solutions.  The  single  cell  was  continuously  operated  for  100  h  with  an  almost 
constant  power  density. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  the  efficient  utilization  of  fossil  fuels  and  suppression  of 
the  emission  of  greenhouse  gases,  research  and  development 
around  the  world  has  focused  on  fuel  cells  as  a  promising 
technology  with  a  high  energy  conversion  efficiency  and  low 
emissions.  Direct  methanol  fuel  cells  (DMFCs)  have  received 
much  attention  as  a  new  power  source  for  ubiquitous  electric 
devices,  portable  power  devices  and  transportation  because  of 
their  high  theoretical  energy  densities  and  easy  use  of  the  liquid 
fuel.  However,  there  are  still  problems  with  the  DMFC  involving 
methanol  crossover  and  sluggish  electrode  reactions  as  well  as 
catalyst  durability. 
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Due  to  methanol  crossover,  the  open  circuit  cell  voltage  of  the 
DMFC  is  as  low  as  nearly  half  the  theoretical  value,  and  then  the 
overall  energy  conversion  efficiency  is  lower  than  that  of  polymer 
electrolyte  fuel  cells  using  hydrogen.  The  rate  of  methanol  cross¬ 
over  increased  with  the  increase  in  the  methanol  concentration, 
therefore,  the  concentration  of  methanol  used  in  the  conventional 
DMFC  is  usually  limited  in  the  range  of  3—10  wt%.  A  DMFC  system 
operated  with  such  a  low  methanol  concentration  requires  a  large 
storage  tank  for  the  diluted  methanol  solution,  and/or  a  complex 
system  for  recycling  water  from  the  cathode,  therefore,  the  energy 
density  of  the  DMFC  system  is  not  expected  to  be  high. 

We  have  proposed  a  unique  electrode  structure  that  makes  the 
direct  use  of  neat  methanol  (almost  100%  methanol)  in  a  DMFC 
possible  using  a  porous  carbon  plate  (PCP)  at  the  anode  [1-6].  The 
electrode  structure  increased  the  energy  density  of  a  passive  DMFC 
by  a  factor  of  20  [5]  by  reducing  the  methanol  crossover  and 
reducing  the  flooding  at  the  cathode.  Through  several  investiga¬ 
tions  regarding  the  relationship  between  the  cell  performance  and 
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the  mass  transport  in  a  passive  DMFC  with  PCP,  it  has  been  clarified 
that  a  thin  gas  layer  is  formed  between  the  anode  and  the  methanol 
solution  in  the  electrode  structure  with  PCP,  then  the  methanol 
would  be  supplied  as  a  vapor  to  the  anode.  Hence,  the  DMFC  using 
PCP  is  considered  as  a  vapor-fed  DMFC  in  principal,  although 
a  liquid  methanol  solution  is  used.  The  mass  transport  of  the 
methanol  was  obstructed  by  both  the  PCP  and  the  gas  layer 
resulting  in  the  reduced  rates  of  methanol  crossover,  below  1/10 
that  without  PCP  [2],  depending  on  the  pore  structure,  thickness  of 
the  PCP  and  that  of  the  gas  layer  [2],  The  vapor  feed  induced  the 
water  back-diffusion  from  the  cathode  to  the  anode  through  the 
membrane  [2,5,7],  and  this  made  flooding  unlikely  to  occur  at  the 
cathode  [3],  Under  such  conditions,  the  humidification  of  air  at  the 
cathode  is  important  to  hydrate  the  membrane  and  increase  the 
power  density  [7,8],  The  electrode  structure  with  PCP  was  applied 
to  the  anode  of  a  2  W  passive  stack  and  the  power  generation  using 
neat  methanol  was  successfully  demonstrated  [4],  Similar  to  the 
DMFC  with  PCP,  some  other  types  of  vapor  feed  DMFCs,  that  can  use 
high  methanol  concentration  solutions  have  been  reported  as 
a  passive  or  a  semi-passive  system  [7,9,10].  However,  there  has  not 
yet  been  an  active  DMFC  operated  with  neat  methanol.  In  the 
passive  or  semi-passive  systems,  the  operating  conditions 
including  temperature,  flow  rate  of  fuel  and  that  of  air  as  well  as  the 
air  humidity  are  not  consciously  controlled,  thus  the  power  density 
of  the  passive  DMFC  was  not  very  high.  For  a  power  generation 
system,  an  active  system  with  control  of  the  operating  conditions  is 
preferred  for  achieving  a  high  power  density  and  high  energy 
conversion  efficiency. 

In  a  liquid  feed  DMFC  system,  flooding  usually  easily  occurs  so 
that  a  high  volume  of  air,  about  twenty  times  the  stoichiometry,  is 
sometimes  fed  to  the  cathode  in  order  to  remove  the  liquid  water 
droplets  and  to  avoid  cathode  flooding,  resulting  in  consuming 
almost  one-third  the  electric  power  generated  by  the  DMFC  for  the 
blower  to  feed  the  required  air  [11],  An  alternative  active  DMFC 
system  using  PCP  is  expected  to  provide  a  more  efficient  power 
generation  system  with  reduced  parasitic  load  for  the  air  feed  and 
liquid  fuel  supply,  because,  as  mentioned  above,  the  flow  rate  of  the 
air  to  the  cathode  and  that  of  the  liquid  methanol  to  the  anode  can 
be  reduced  in  the  system  with  PCP  and  the  utilization  of  a  high 
methanol  concentration,  respectively.  However,  there  was  no 
report  of  an  active  type  DMFC  operated  with  neat  methanol  and  its 
power  generation  performance. 

In  this  study,  an  active  DMFC  using  PCP,  with  a  30-cm2  active 
electrode  area,  was  fabricated  based  on  our  previous  studies  of  the 
passive  systems,  and  the  power  generation  performance  of  the 
active  DMFC  was  investigated  by  feeding  neat  liquid  methanol.  The 
cell  structure  using  PCP  was  introduced  and  the  effect  of  the 
operating  conditions,  i.e.,  anode  discharging  gas  pressure,  meth¬ 
anol  concentration,  air-flow  rate,  air  humidity,  and  temperature,  on 
the  power  generation  characteristics  including  the  power  density, 
methanol  crossover,  and  the  overall  power  generation  efficiency 
was  investigated.  The  result  was  discussed  by  focusing  on  the 
difference  in  the  mass  transport  mechanism  from  the  conventional 
liquid  feed  DMFC  systems. 

2.  Experimental 

2.1.  DMFC  structure  with  a  porous  carbon  plate 

Fig.  1  shows  a  schematic  illustration  of  the  single  cell  structure 
with  the  PCP,  (a),  and  the  experimental  setup  of  the  DMFC  power 
generation,  (b),  used  in  this  study.  The  cell  was  designed  and 
fabricated  in  a  cooperative  study  with  Chemix  Co.,  Ltd.,  Japan.  The 
cell  consisted  of  an  air  plate,  an  MEA,  a  gas  spacer,  a  porous  carbon 
plate  (PCP)  and  a  fuel  plate.  The  active  area  of  the  MEA  was  30  cm2 


a  Single  cell 


Size  :75  x  85  x  32  mm 

Active  area  •  50  x  60  mm  (30  cm2) 
Anode  cat.  :  PtRu 
Cathode  cat. :  Pt/C 
Membrane  :  Hydrocarbon  memb. 


Fig.  1.  Schematic  diagram  of  the  active  DMFC  with  PCP  (a)  and  the  experimental  setup 
(b)  used  in  this  study. 


and  was  6  times  larger  than  that  used  in  our  previous  test  cells 
[2,3,5].  In  contrast  to  the  common  cell  structure,  the  PCP  and  the 
gas  spacer  were  used  between  the  anode  of  the  MEA  and  the  fuel 
plate.  All  of  the  plates  and  the  gas  spacer  were  made  of  carbon.  The 
air  plate  had  flow  channels  of  2.0  mm  width  and  0.8  mm  depth,  and 
the  fuel  plate  had  a  methanol  flow-field.  The  single  cell  was 
designed  as  a  stack  unit.  The  thickness  of  the  PCP  and  the  spacer 
was  0.5  and  1.5  mm,  respectively,  and  then  the  total  thickness  of  the 
unit,  including  the  fuel  plate  and  the  air  plate,  was  6  mm.  The  PCP 
had  small  pores  with  the  average  size  of  a  few  micrometers.  In  this 
cell  structure,  when  the  power  generation  started  by  feeding 
a  methanol  solution  to  the  methanol  flow-field,  the  CO2  gas 
produced  at  the  anode  accumulated  in  the  gas  space  and  formed 
a  gas  layer  between  the  anode  and  the  PCP  [1,2,12,13],  Some  of  the 
gas  in  the  gas  layer  can  be  discharged  through  a  hole  and  a  back¬ 
pressure  valve  as  shown  in  the  figure.  This  electrode  structure 
significantly  reduces  the  methanol  crossover  and  allows  a  direct 
feeding  of  100%  liquid  methanol  [1,3,5]. 

For  the  MEA,  a  hydrocarbon  membrane,  of  which  the  proton 
conductivity  and  methanol  permeability  were  comparable  to  those 
of  Nafion-115  [14,15],  was  used  as  the  electrolyte,  and  PtRu  black 
(5  mg_ptRU/cm2)  and  Pt/C  (3  mg_pt/cm2)  were  used  as  the  catalyst 
for  the  anode  and  cathode,  respectively. 

The  methanol  in  the  reservoir  was  supplied  to  the  cell  by  a  pump 
through  a  4-mm  i.d.  stainless  tube.  The  DMFC  was  operated  by 
feeding  the  liquid  methanol  solution  and  the  humidified  air  at 
atmospheric  pressure  to  the  anode  and  the  cathode,  respectively. 
The  temperature  of  the  cell  was  controlled  using  rod  heaters 
inserted  into  the  end  plates,  made  of  stainless  steel,  and  running 
cooling  water  through  them,  although  they  are  not  shown  in  the 
figure.  The  methanol  used  in  this  study  was  of  chemical  grade, 
99.8  wt%,  purchased  from  Wako  Pure  Chemical  Industries,  and  the 
water  used  for  diluting  the  methanol,  in  some  cases,  was  distilled 
water  (Kyoei  Pharmaceutical  Co.,  Ltd.),  A4  grade  of  JIS  K0557  [16]. 
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2.2.  Measurement  of  the  DMFC  performance 


The  experiment  was  started  by  varying  the  discharging  gas 
pressure  to  obtain  the  higher  performance.  The  discharging  gas 
pressure  is  a  unique  parameter  for  this  type  of  DMFC  [13].  It  affects 
the  mass  transport  of  the  methanol  through  the  PCP  [13]  and  that  of 
the  water  by  the  hydraulic  pressure  difference  between  the 
membrane  surfaces  as  well  as  the  evaporative  loss  of  the  methanol. 
Since  this  is  the  first  time  to  operate  an  active  DMFC  with  PCP,  the 
effect  of  the  discharging  gas  on  the  performance  was  investigated 
in  order  to  find  the  optimum  pressure.  The  effect  of  the  methanol 
concentration  was  then  investigated  between  70  and  100  wt%  to 
check  the  optimum  methanol  concentration  for  the  designed 
electrode  structure.  With  the  discharging  gas  pressure  optimized 
and  using  the  neat  methanol,  the  current— voltage  relationship  and 
the  rate  of  methanol  crossover  were  measured  at  different  oper¬ 
ating  conditions,  including  the  methanol  feed  rate,  air  feed  rate,  air 
humidity  and  temperature. 

The  electrochemical  measurements  were  conducted  using  an 
electric  load  (PLZ-4W,  Kikusui  Co.,  Ltd.).  The  ohmic  resistance  of  the 
cell  was  measured  using  a  digital  AC  impedance  meter  (FC-100R, 
CHINO  Co.,  Ltd.).  The  rate  of  methanol  crossover  (MCO)  was 
calculated  from  the  CO2  concentration  in  the  effluent  gas  from  the 
cathode  outlet  measured  by  an  IR  C02  meter  (CGT-7000,  Shimadzu 
Co.,  Ltd.). 


2.3.  Evaluation  of  the  overall  power  generation  efficiency 


Based  on  the  cell  performance  including  the  methanol  cross¬ 
over,  the  overall  power  generation  efficiency  of  the  DMFC  was 
calculated  as  follows. 


™“ncy=(|£)(_^)(j 


Mcell  +  Crossover/ 


where  AG°  is  the  standard  Gibbs  free-energy  change  for  the 
methanol  oxidation  reaction: 


CH3OH(L)  +  (3/2)02-C02  +  2H20(L) 


and  A H°  is  the  standard  enthalpy  change  of  the  reaction,  V  is  the  cell 
voltage  and  i  is  the  current  density  of  the  fuel  cell.  The  crossover 
current  density,  iCrossover,  was  calculated  from  the  rate  of  the 
measured  methanol  crossover. 


3.  Results  and  discussion 

3.1.  Effect  of  the  discharging  gas  pressure  and  the  methanol 
concentration 

During  the  operation  of  the  DMFC,  the  pressure  of  the  dis¬ 
charging  gas  from  the  anode  gas  space  is  one  of  the  operational 
parameters.  It  has  been  reported  that  the  pressure  influences  the 
mass  transport  of  methanol  and  water  in  the  cell,  and  hence,  the 
rate  of  the  electrode  reaction  at  the  anode,  and  the  power  gener¬ 
ation  performance  of  the  passive  DMFC  with  PCP  [13],  The  effect  of 
the  discharging  gas  pressure  was  then  investigated.  Fig.  2  shows  the 
effect  of  the  discharging  gas  pressure  from  the  anode  gas  space  on 
the  power  generation  characteristics,  the  cell  voltage  and  the 
power  density  vs.  the  current  density,  Fig.  2a,  and  the  rate  of 
methanol  crossover  and  the  overall  power  generation  efficiency  vs. 
the  current  density,  Fig.  2b,  were  measured  at  the  neat  methanol 
and  the  humidified  air  (RH  100%)  at  feed  rates  of  2  mL  min  1  and 
0.3  L  min-1,  respectively,  at  45  °C.  The  pressure  slightly  affected  the 
current— voltage  (i—V)  and  the  current— power  density  (i— P) 


Current  density  [mA/cm2] 


Fig.  2.  Performance  of  the  active  DMFC  with  PCP  obtained  for  the  different  discharging 
gas  pressures,  10,  15  and  30  kPa,  at  100%  methanol  (2  mL  min-1),  air  (RH  100%, 
0.3  L  min-1),  45  °C.  Relationship  between  the  current  density  and  the  cell  voltage  as 
well  the  power  density,  (a),  and  MCO  with  the  overall  power  generation  efficiency,  (b). 


performance  as  shown  in  Fig.  2a.  Although  a  relatively  high 
power  density,  40  mW  cm-2,  was  obtained  at  the  middle  pressure, 
15  kPa  (gauge  pressure),  the  direct  effect  of  the  pressure  on  the 
electrode  reaction  kinetics  would  be  low  due  to  the  small  measured 
pressure  change  from  10  kPa  to  30  kPa.  On  the  other  hand,  the  rate 
of  methanol  crossover  (MCO)  decreased  with  the  increasing  pres¬ 
sure  as  shown  in  Fig.  2b,  in  accordance  with  that  observed  for  the 
previous  passive  DMFC  with  PCP  [13],  The  high  pressure  would 
increase  the  distance  for  diffusion  of  the  methanol  vapor  in  the 
pores  of  the  PCP  by  changing  the  position  of  the  gas/water  interface 
in  the  PCP.  Since  the  best  power  density  and  the  best  efficiency 
were  obtained  at  a  15  kPa  pressure,  the  pressure  was  set  at  15  kPa  in 
this  experiment. 

Fig.  3  shows  the  power  generation  characteristics,  i.e.,  i—V  curve, 
power  density,  MCO  and  the  power  generation  efficiency,  for  the 
DMFC  with  PCP  at  different  methanol  concentrations  ranging  from 
70-100  wt%  (99.8  wt%)  at  45  °C.  With  the  increasing  methanol 
concentration,  the  i—V  performance  was  especially  improved  in  the 
region  of  high  current  densities.  At  low  methanol  concentrations, 
from  70—90  wt%,  the  limiting  current  appeared  and  it  increased 
with  the  increasing  concentration.  The  best  power  density  of 
40  mW  cm-2  was  then  obtained  at  100%.  In  the  DMFC  with  PCP,  the 
optimum  methanol  concentration  for  the  power  density  can  be 
controlled  by  factors  affecting  the  resistance  of  the  methanol 
transport  through  the  PCP  and  the  gas  layer,  i.e.,  porosity  and 
thickness  of  the  PCP  and  the  gas  layer  [5],  The  results  shown  in 
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Figs.  2  and  3  clarified  that  these  factors  in  the  electrode  structure 
were  successfully  adjusted  for  100%  methanol  use  under  the  active 
operating  conditions.  On  the  other  hand,  in  Fig.  3b,  the  MCO  clearly 
increased  with  an  increasing  concentration.  MCO  causes  an  energy 
loss  in  the  power  generation  as  shown  in  Eq.  (1),  and  the  power 
generation  efficiency  decreased  with  the  increase  in  the  methanol 
concentration.  The  relationship  in  Fig.  3a  showed  a  common  line, 
but  that  in  Fig.  3b  showed  different  lines  for  the  different  methanol 
concentrations  at  the  low  current  densities  below  50  mA  cm  2 
suggesting  the  weak  relationship  between  the  power  density  and 
the  energy  efficiency  in  the  active  DMFC.  Different  from  the  case  of 
a  passive  DMFC  using  air,  the  relationship  between  the  i—V  or  i—P 
performance  and  the  MCO  or  the  efficiency  was  not  strongly 
related  to  each  other.  This  would  be  due  to  the  relatively  high  air¬ 
flow  rate,  0.3  L  min-1,  that  corresponds  to  5  times  the  stoichiom¬ 
etry  at  100  mA  cm-2,  compared  to  the  air-flow  in  the  passive  DMFC, 
that  eliminates  the  effect  of  crossover  methanol  at  the  cathode, 
although  the  air-flow  rate  with  5  times  the  stoichiometry  was  much 
lower  than  that  used  for  the  conventional  liquid  feed  DMFCs  with 
dilute  methanol  solutions  as  will  be  discussed  later.  The  common 
i—V  relationship  at  the  low  current  densities  in  Fig.  3a  meant  that 
the  performance  was  not  affected  by  the  cathode  conditions  and 
was  governed  by  the  reaction  at  the  anode.  And  the  i—V  curves  at 
the  high  current  densities,  over  50  mA  cm-2,  were  controlled  by  the 
methanol  transport  to  the  anode.  Hereafter,  only  the  performance 
with  the  neat  methanol  will  be  discussed. 


3.2.  Effect  of  the  methanol  flow  rate,  the  air-flow  rate  and  the 
air  humidity 

Fig.  4  shows  the  effect  of  the  methanol  flow  rate  on  the  power 
generation  performance  at  45  °C.  The  methanol  flow  rate  slightly 
affected  the  performance.  This  would  be  related  to  the  transfer  of 
methanol  through  the  PCP  and  the  gas  layer,  therefore,  the  change 
in  the  methanol  flow  rate  had  a  slight  effect  on  the  mass  transfer 
rate.  Based  on  three  different  flow  rates,  the  best  power  density  was 
obtained  at  the  lowest  flow  rate,  2  mL  min-1,  as  shown  in  Fig.  4a, 
and  the  best  efficiency  was  also  obtained  at  the  lowest  flow  rate 
showing  the  lowest  MCO  as  shown  in  Fig.  4b.  The  lowest  flow  rate, 
2  mL  min-1,  corresponds  to  27  times  the  stoichiometry  at 
100  mA  cm-2.  It  is  still  too  high  and  may  be  further  reduced  for 
a  better  performance,  although  it  could  not  be  confirmed  in  the 
experiment  because  of  the  limitation  in  controlling  the  flow  rate. 
The  low  flow  rate  during  operation  is  beneficial  for  the  DMFC 
system  to  reduce  the  auxiliary  power  for  the  fuel  supply  and  then 
increase  the  system  efficiency. 

Fig.  5  shows  the  effect  of  the  air-flow  rate  on  the  performance  at 
45  °C.  The  increase  in  the  flow  rate,  up  to  0.4  L  min-1,  increased  the 
cell  voltage  at  the  low  current  densities,  as  well  as  increasing  the 
maximum  current  density,  and  hence  the  power  density  increased 
with  the  increasing  air-flow  rate.  The  maximum  power  densities  at 
0.2  L  min-1  and  0.8  L  min-1  were  35  mW  cm-2  and  56  mW  cm-2, 
respectively.  The  air-flow  rate  of  0.2  L  min-1,  that  corresponds  to  3.5 
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Fig.  4.  Effect  of  the  methanol  flow  rates  on  the  active  DMFC  performance  with  air  (RH 
100%,  0.3  L  min-1)  at  45  °C.  The  methanol  solution  was  the  100%  methanol.  Rela¬ 
tionship  between  the  current  density  and  the  cell  voltage  as  well  the  power  density, 
(a),  and  MCO  with  the  overall  power  generation  efficiency,  (b). 
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Fig.  5.  Effect  of  the  air-flow  rates  on  the  active  DMFC  performance  with  the  100% 
methanol  (2  L  min-1)  at  45  °C.  Relative  humidity  of  the  air  was  100%.  Relationship 
between  the  current  density  and  the  cell  voltage  as  well  the  power  density,  (a),  and 
MCO  with  the  overall  power  generation  efficiency,  (b). 


Fig.  6.  Effect  of  the  air  humidity  on  the  active  DMFC  performance  with  the  100% 
methanol  (2  L  min-1)  at  45  °C.  The  air-flow  rate  was  0.3  L  min-1.  Relationship  between 
the  current  density  and  the  cell  voltage  as  well  the  power  density,  (a),  and  MCO  with 
the  overall  power  generation  efficiency,  (b). 


times  the  stoichiometry  at  100  mA  cm-2,  was  not  enough  to  reduce 
the  cathodic  overvoltage  to  a  negligibly  low  value  at  the  high 
current  densities,  and  then  the  cell  voltages  at  the  high  current 
densities  increased  with  the  increasing  air-flow  rate.  However,  the 
increase  in  the  air-flow  rate  caused  an  increase  in  the  MCO,  in 
agreement  with  a  previous  report  [17],  as  shown  in  Fig.  5b.  The 
MCO  at  the  open  circuit  condition  of  0.8  L  min-1  was  0.16  g/m2s 
that  was  almost  double  that  at  0.2  L  min-1.  Although  the  difference 
in  the  MCO  at  the  different  air-flow  rates  was  quite  high,  it  did  not 
affect  the  i—V  and  i—P  curves  at  the  low  current  densities  below 
50  mA  cm-2  as  shown  in  Fig.  5a  similar  to  that  at  Fig.  3a.  The  effect 
of  the  crossover  methanol  at  the  cathode  was  eliminated  by  the 
relatively  high  air-flow  rate  that  was  more  than  3  times  greater 
than  that  of  the  stoichiometry  at  100  mA  cm-2.  Then  the  i—V  curves 
at  the  low  current  densities  were  similar  to  each  other.  On  the  other 
hand,  the  i—V  performance  would  be  controlled  by  the  oxygen 
supply  to  the  cathode  in  the  high  current  density  region  over 
50  mA  cm-2  where  the  oxygen  supplying  rate  was  increased  with 
the  increase  of  the  air-flow  rate. 

Fig.  6  shows  the  effect  of  the  air  humidity  on  the  performance  at 
45  °C.  As  shown  in  Fig.  6a,  the  air  humidity  slightly  affected  the  i—V 
curve  and  the  power  density  in  the  humidity  range  from  30%  to 
100%  at  the  temperature.  However,  the  air  humidity  strongly 
affected  the  MCO  and  the  power  generation  efficiency  as  shown  in 
Fig.  6b.  The  MCO  decreased  with  the  increasing  relative  humidity, 
RH,  and  the  MCO  at  the  open  circuit  condition  was  0.135  g  m~2  s_1, 


0.115  g  nr2  s"1  and  0.08  g  m"2  s”1  at  RH  30%,  60%  and  100%, 
respectively.  The  maximum  power  generation  efficiency  was  0.12, 
0.16  and  0.20  at  RH  30%,  60%  and  100%,  respectively.  According  to 
the  cases  in  Figs.  3  and  5,  the  MCO  did  not  affect  the  i—V  perfor¬ 
mance  under  the  relatively  high  air-flow  rate.  The  similar  i—V 
curves  for  the  different  air  humidity  levels  would  be  due  to  the 
similar  conditions  for  the  methanol  supply  to  the  anode  and  that 
for  the  oxygen  supply  to  the  cathode  at  the  different  air  humidity 
levels.  For  the  DMFC  with  PCP,  it  is  known  that  the  water  transport 
from  the  cathode  to  the  anode  through  the  membrane  occurs  due 
to  the  diffusion  mechanism  [2],  The  direction  of  the  water  diffusion 
is  counter  to  that  of  the  MCO.  Hence,  the  higher  humidity  would 
cause  a  higher  water  diffusion  rate,  and  hence,  the  smaller  MCO. 

In  general,  the  MCO  of  DMFCs  operating  with  a  low  concentra¬ 
tion  liquid  methanol  solution  is  slightly  affected  by  the  air 
humidity,  because  the  membrane  is  highly  hydrated  with  water  at 
the  anode.  Hence,  the  strong  effect  of  the  air  humidity  on  the  MCO 
is  characteristic  to  the  DMFC  with  PCP  [2]  similar  to  that  at  the 
vapor  feed  DMFCs  [7,8],  It  is  necessary  for  the  efficient  power 
generation  in  this  type  of  DMFC  to  be  operated  with  a  very  humid 
air,  like  at  RH  100%,  at  this  temperature.  This  is  suitable  for  the 
DMFC  because  the  water  saturation  in  the  air  channel  is  easily 
achieved  by  the  water  production  of  the  cathode  reaction. 
Comparing  to  the  liquid  feed  DMFC  that  is  usually  operated  with 
a  high  air-flow  rate,  sometimes  more  than  20  times  that  of  the 
stoichiometry  [11],  to  avoid  the  cathode  from  flooding,  the  DMFC 
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with  PCP  can  be  operated  at  a  lower  air-flow  rate  while  keeping  the 
humidity  high  as  well  as  avoiding  flooding,  because  some  of  the 
water  produced  at  the  cathode  is  removed  by  diffusion  to  the 
anode.  The  lower  air-flow  rate  reduces  the  auxiliary  power 
requirement  for  the  air-flow  in  the  DMFC  system  and  increases  the 
system  efficiency. 

3.3.  Effect  of  temperature 

Fig.  7  shows  the  effect  of  the  operating  temperature  on  the 
performance  of  the  DMFC.  The  temperature  had  a  significant 
effect  on  the  power  density,  and  the  higher  the  temperature,  the 
higher  the  i— V  performance  and  the  higher  power  density.  These 
were  explained  by  the  increased  rates  of  the  electrode  reactions, 
both  at  the  anode  and  the  cathode,  and  the  increased  ionic 
conductivity  of  the  electrolyte  with  the  temperature  increase.  The 
different  i—V  curves  at  the  different  temperatures  in  the  figure 
should  be  mainly  due  to  the  different  overvoltage  for  the  elec¬ 
trode  reactions  at  the  different  temperatures,  and  would  not  be 
due  to  the  MCO  based  on  the  previous  results  shown  in  Figs.  3,  5 
and  6  where  the  i—V  curve  did  not  affected  by  the  MCO.  The 
maximum  power  generation  efficiency  increased  with  the 
temperature,  and  reached  62  mW  cm”2  at  65  °C,  that  was  more 
than  double  that  at  30  °C.  On  the  other  hand,  the  MCO  also 
increased  with  an  increase  in  the  temperature  due  to  the 
increased  methanol  permeability  with  the  increase  in  the 
temperature.  The  effect  of  the  increase  in  the  MCO  was  not 
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Fig.  7.  Effect  of  temperature  on  the  active  DMFC  performance  with  the  100%  methanol 
(2  mL  min-1)  and  humidified  air  (0.3  L  min-1).  Relationship  between  the  current 
density  and  the  cell  voltage  as  well  the  power  density,  (a),  and  MCO  with  the  overall 
power  generation  efficiency,  (b). 


related  to  the  power  density  in  the  active  DMFC  as  mentioned  for 
the  effect  of  other  parameters  shown  in  Figs.  3—6. 

The  boiling  point  of  the  neat  methanol  is  about  65  °C  and  the 
effect  of  temperature  in  this  figure  was  limited  to  65  °C.  The  effect 
of  temperatures  higher  than  65  °C  will  be  reported  in  the  future. 

3.4.  Long-term  operation 

Fig.  8  shows  the  power  density  profile  of  the  DMFC  with  PCP  at 
0.3  V  and  45  °C  for  100  h.  During  the  long-term  operation,  although 
the  initial  power  density  of  about  40  mW  cm”2  decreased  to 
30  mW  cm”2  in  5  h,  the  power  density  remained  almost  constant 
for  100  h,  but  showing  several  noise  spikes  that  would  be  caused  by 
refilling  of  the  methanol.  This  figure  confirmed  that  the  DMFC  with 
PCP  could  be  operated  at  the  low  air-flow  rate  for  a  long  time.  Since 
the  noise  spike  showed  an  increased  power  density,  the  degrada¬ 
tion  may  be  related  to  limiting  the  supply  of  the  methanol  or 
oxygen  to  the  electrodes.  The  reason  for  the  initial  degradation  of 
the  power  density  has  not  yet  been  clarified,  and  will  be  a  future 
subject. 

3.5.  Comparison  of  the  performance  with  that  of  liquid  feed  DMFCs 

Table  1  summarizes  the  power  generation  performance  at  60  °C 
for  the  different  DMFC  single  cells  in  this  study.  Except  for  this 
study,  the  performances  were  obtained  from  the  conventional 
liquid  feed  DMFCs  [17,19—22],  The  maximum  power  density  was 
evaluated  from  their  i—V  curve  at  60  °C,  and  the  maximum  effi¬ 
ciency  was  calculated  from  the  i—V  curve  with  their  methanol 
crossover  rate  shown  in  their  reports  [17,19-22],  The  maximum 
power  density  was  ranged  between  28  mW  cm”2  and  80  mW  cm”2, 
and  the  maximum  power  generation  efficiency  was  between  0.1 
and  0.35  among  the  different  DMFCs.  Our  DMFC  with  PCP  using 
100%  methanol  had  values  of  52  mW  cm”2  and  0.27  [-]  for  the 
maximum  power  density  and  the  maximum  efficiency,  respec¬ 
tively.  The  power  generation  performance  of  the  DMFC  with  PCP 
was  comparable  or  relatively  higher  in  performance  than  that  of  the 
liquid  feed  DMFCs  using  the  diluted  methanol  solutions.  This  would 
mean  that  the  actual  circumstances  of  the  electrode  surface,  i.e., 
activity  of  methanol  at  the  anode  surface  and  that  of  oxygen  at  the 
cathode  surface,  were  similar  to  each  other,  irrespective  of  the  type 
of  DMFC  and  the  methanol  concentration  of  the  fuel,  assuming  that 
the  catalytic  activity  of  the  electrode  and  the  properties  of  the 
electrolyte  were  roughly  similar  to  each  other.  The  similar  meth¬ 
anol  activity  at  the  anode  of  the  DMFC  with  PCP  to  that  of  the  liquid 
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feed  DMFC  with  a  diluted  methanol  solution  has  already  been 
confirmed  in  our  previous  study  [18],  However,  a  similar  power 
generation  performance  was  obtained  at  the  different  operating 
conditions  depending  on  the  type  of  DMFC,  i.e.,  DMFC  with  or 
without  PCP  and  the  liquid  feed  of  the  diluted  methanol  solution  or 
the  vapor  feed  with  the  neat  methanol.  It  should  be  noted  that  the 
specific  air-flow  rate,  i.e.,  the  volume  flow  rate  of  air  divided  by  the 
active  electrode  area,  of  the  DMFC  in  this  study,  was  the  lowest 
among  the  DMFCs  in  the  table,  except  for  the  case  with  the  PSSA- 
PVDA  membrane  [19]  that  showed  a  very  low  methanol  perme¬ 
ability.  It  was  one-fourth,  one-tenth  or  less  compared  to  the  other 
DMFCs.  This  is  because  the  flooding  does  not  easily  occur  at  the 
cathode  for  this  type  of  DMFC  due  to  the  different  mass  transport 
situation  in  the  cell  as  already  mentioned.  Generally,  the  high  flow 
rate  of  air,  more  than  twenty  times  the  stoichiometry,  is  used  for 
the  liquid  feed  DMFC  [11]  to  remove  the  liquid  water  droplets  from 
the  cathode  and  to  avoid  the  cathode  from  flooding.  Such  a  high  air¬ 
flow  rate  operation  consumes  a  relatively  high  amount  of  electricity 
generated  by  the  DMFC,  resulting  in  a  reduced  power  output  and 
power  generation  efficiency  of  the  DMFC  system.  The  low  air-flow 
rate  of  the  DMFC  with  PCP  is  quite  attractive  for  reducing  the 
auxiliary  power  for  the  air  blowers  in  the  system. 

The  above  results  showed  a  clear  feature  of  the  active  DMFC 
with  PCP,  that  has  a  comparable  power  density  and  efficiency  with 
a  very  low  flow  rate  of  humid  air.  This  feature  increases  the  energy 
output  and  the  energy  conversion  efficiency  of  the  DMFC  system  by 
reducing  the  auxiliary  power  needed  for  the  air  blowers.  The 
reduced  volume  of  the  fuel  tank  for  the  high  concentration  meth¬ 
anol  would  also  be  another  advantage  of  the  system  in  order  to 
increase  the  volumetric  energy  density  of  the  DMFC.  On  the  other 
hand,  the  loss  of  the  evaporated  methanol  with  the  discharge  gas 
has  to  be  taken  into  account  for  the  system  efficiency.  With  the 
increasing  concentration  of  methanol  and  the  operating  tempera¬ 
ture,  the  loss  increases.  The  loss  can  be  reduced  by  a  proper 
method,  e.g.,  cooling  the  discharging  gas,  increasing  discharging 
gas  pressure  and  recycling  the  condensed  methanol.  In  this  paper, 


we  demonstrated  an  active  DMFC  using  100%  methanol,  the  elec¬ 
trode  structure  with  PCP  can  be  setup  for  any  optimum  methanol 
concentration  by  adjusting  the  pore  structure  and  the  thickness  of 
the  PCP  and  the  gas  spacer.  Actually,  the  appropriate  concentration 
of  methanol  for  the  best  performance  of  a  system  should  be 
determined  by  a  calculation  for  a  given  condition. 

4.  Conclusion 

A  single  cell  of  the  DMFC  with  the  novel  electrode  structure 
using  PCP  having  a  30  cm2  active  area  was  fabricated  and  operated 
under  different  conditions.  The  electrode  structure  was  successfully 
setup  for  100%  methanol  use  and  the  power  density  of  42  mW  cm-2 
was  obtained  with  neat  methanol  at  45  °C.  The  power  generation 
performance  with  the  power  density  of  52  mW  cm~2  and  the 
overall  power  generation  efficiency  of  0.27  at  60  °C  was  comparable 
or  relatively  higher  than  those  of  the  previous  liquid  feed  DMFCs  at 
the  same  temperature.  Such  a  similar  performance  was  obtained  at 
a  very  low  air-flow  rate,  about  one-fourth,  one-tenth  or  less 
compared  to  that  for  the  liquid  feed  DMFCs.  At  the  same  time,  it  was 
important  for  the  feed  air  to  be  humidified  at  the  saturation  level  to 
decrease  the  MCO  and  increase  the  overall  efficiency.  The  DMFC 
with  PCP  was  operated  for  100  h  at  a  constant  power  density. 
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